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SUMMARY

A study of the aerodynamic loads on sweptback wings at transonic
speeds has indicated that, for thick wings, the spanwise center of pres-
sure moves inward, whereas for thin wings, the center of pressure moves
outward with increase in Mach nuuiber;and increases in the sweep angle
of a thin wing cause the spanwise center of pressure to move progres-
sively outboard. Washing out a thin swept wing to approximate the effects
of aeroelastic twisting shifted the spanwise center of pressure inboard
and at a Mach number of 1.00, this shift was primsrily due to the loss
in load over the trailing edges of the outboard portions of the span.
An investigation of the effects of sideslip on the loads over a swept-
wing-curved-body combination indicated that increase in sideslip angle
increased the relative load over the forward wing such that even though
the spanwise center of pressure of the wing remained constsmt, the root

● bending-moment coefficients were increased.
.

.
INTROD~TION

,, #. .

The recent development of transcanicwind tunnels has enabled experi-
mental investigations to be performed which have provided inforinationat
transonic speeds of considerable interest in the field of aerodynamic
loads. Also high-stisonic-speed wind-tunnel measurements of the aero-

. dynmic loads resulting from asymmetrical flight attitudes have recently -
been made. These several investigations are of current interest since,
at the present time, the available theoretical methods for calculation
of the various loading parameters used in the structural design of air- , .
craft wings are seriously hampered by the regions of separated and mixed
flows which exist about configurations operating at transonic speeds,
and thus these parameters must be evaluated experimentally. The purpose
of this report is to present the results of a study of the available

● experimental information concerning the aeraic loads on sweptback
wings at transonic speeds. This study was concerned primarily with an

.
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evaluation of the effects of thiclmess ratio, aeroelas.tictwisting, and
sideslip. In order to simpli~ the presentation and to expedite publi-
cation, descriptions of the wxrious model configurati~s and detailed
data from the several investigations are not presented herein but will
be found in the various reports for each investigation.

RESULTS AND DISCUSSION

Thickness-Ratio Effects

At transonic speeds, wing-section-thickness ratio appears to be one
of the most important geometrical parameters. For exam@e, a recent
high-subsonic-speed wind-tunnel investigation has indicated that vaxla-.
tion of Reynolds nuuiberfrom 2,000,000 to approximately 4,500,000 (based
on the wing mean aerodynamic chord) caused rather lmge changes in the
spanwise load distribution of a representative thick swept wing (ref. 1).
However, a comparison of the data obtained from transonic-speed investi-
gations of a typical thin swept wing has.shown that vqiation of Reynolds
number from .2,000,000to approxhately 6,000,c00 produced little or no
effect on the spanwi.seload distribution on the wing (refs. 2 and 3).

“

—

—

The effects of thickness ratio on the spanwise or lateral center- -,
of-pressure variations with Mach number M are shown in figure 1.

—
span-

wise center-of-pressure data are of interest in that, for a given design
load, the spsmwise location of the center of pressure directly determines
the values of the wing root bending moments. In figure 1, as in the
following figures, the spanwise center-of-pressure location ycp is

9

expressed in terms of the semispan of the wing outside the body (b/2)e. ,

The dashed-line curve in figure 1 shows the typical tiward movement
of the spanwise center of pressure with increase in Mach number that haa .
been observed for thick swept wings- These particular data were obtained
from flight measurements on a current fighter-t~e airplane having a wing
sweep angle A of 35° and approximately g-percent-thick stresmwise air-
foil sections (ref. 4). The solid-line curve indicates the typical out-
ward shift of the spanwise center of pressure with increase in Mach nuniber
that has been noted for thin swept wings. These data were interpolated
from transonic wind-tunnel measurements of a 6-percent-thick, .@o swept-
back wing (ref. 2). The curves are presented for a normal-force coef-
ficient of 0.4 which is within the moderate fiormal-fore%-coefficient
range where the wing tips are relatively free from stall effects, and,
therefore, the variations shown are indicative of the conditions when
the spanwise center of pressure is at, or near, its most outboard
position. A rather limited analysis of the available transonic-speed, s

sweptback-wing data has been made, and this analysis indicated that
“

,-.
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the transition from thick-wi.ngto thin-wing characteristics takes place
a at thickness ratios on the order of 6 or 7 percent.

Because of certain aerodynamic advantages, primsrily the reduction.
of the wing drag at trsnsonic and supersonic speeds, most future air-
planes will have thin wings. In view of the opposing trends shown by
the curves in figure 1, it is appsrent that csre should be used when
extrapolating center-of-pressure data obtained from current thick-~
configurations for use in the structural design of future thin-wing
airplanes to avoid a serious underestimation of the values of the root
bending moments of the thin wing.

Since thin wings till.be utilized in future aircraft designs, a
more detailed discussion of the center-of-pressure characteristics of
the typical thin swept wing should be of interest. This analysis wild.
be based on the data of figure 2 which shows the spanwise center-of-
pressure variation with Mach number at several angles of attack a for
the thin-wing-curved-body configuration shown in the figure. The data
presented were obtained from reference 2 except for the variation at an
sngle of attack of 10° which was obtained from unpublished data. The
ting had 45° sweepback of the quarter-chord line, aspect ratio of 4,
taper ratio of 0.6, and NACA 65AO06 streamwise airfoil sections.

From the curves of figure 2, it may be seen that in the transonic-
speed range, the spanwise center of pressure was relatimly outboard at
angles of attack of 4° to 10° which at a Mach number of 1.0 corresponds
to normal-force coefficients on the order of 0.35 to 0.75. However, the
most outboard location occurred at an angle of attack of @ and a Mach

● number of 1.0. This most outboard location of the spanwise center of
pressure generally represents the critical conditions for maximum root
bending moments.

●

Pitch-up occurs at angles of attack somewhat higher than & for
this configuration and an analysis of pitch-up characteristics bas shown
that, if pitch-up occurs, the maximum design loads can be exceeded by a
considerable smount. For thepitch-u~ case, the maximum loads would occur
at some angle of attack higher than 8 for this configuration, and would
depend upon the particular dynamic characteristics of the specific air-
plane in question.

Further, in the design of a wing, the combination of bending and
twisting losds at the critical loading condition would be considered.
However, since these twisting effects sre usually small in relation to
the effects of the bending loads, defining the critical root bending
conditions by considering only the bending loads gives a good approxi-
mation of the critical loading conditions.

●

✎
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Another fac%or to consider when determining the critical loading
condition is the effect of various wing auxiliary devices such as a
fence. At subsonic speeds, fences on a swept wing dehy the onset of
tip stall, which would result in a more outboard location of the span-
wise centers of pressure for the higher angles of attack. However, In
the transonic-speed range, wing fences generally become.ineffective,
and, therefore, the critical loading conditions would be unaffected by
a wing fence.

The data shown in figure 3 indicate some of the effects on the
variations of the spanwise center-of-pressure location with Mach number
that result from increases in the angle of sweep of a thin wing. These
data were obtained from an investigation made in the Iaggley high-speed
7- by 10-foot tunnel. All of the wings shown in the figure had am aspect
ratio of 3, taper ratio of 0.14, and NAC!A65AO03 streamwise airfoil sec-
tions. These data are in the unstalled lift-coefficient range where the
most outboard centers of pressure occur and show that the location of the
spanwise center of pressure is relatively constant at subsonic speeds,
moves outboard in the transonic-speed range, and then moves inboard again
at supersonic Mach numbers. Also, in the transonic-speed range, increase
in sweep angle progressively moved the spanwise center-of-pressure loca-
tions outboard and raised the l.kchnumber at which the maximum outboard
locations of the center of pressure occurred. Although the center-of-
pressure movements shown may appear to be small, it should be pointed
out that at the kO-percent-semispan station, for example, a center-of-
pressure shift of 3 percent of the semispan changes the value of the root
bending mment by sane 7* percent of its value. Also in figure 3, it may

be noted that the 370 sweptback wing had a plan form similar to a delta
wing, and, therefore, the center-of-pressure characteristics shown give
some idea of the characteristics of delta wings at transonic speeds.

Aeroelastic Twisting

Recently, a geometrically twisted, sweptback wing has been investi-
gated in the Langley 8-foot transonic tunnel. This wing had a plan form
that was identical to the plan form of the wing for which the critical
bending moment conditions were determined from the data of figure 2. A
comparison of these two wings gives some idea of the changes in loading
that result from aeroelastic twisting due to the deflection of a swept-
back wing under load.

A plan-form view of the model is shown in figure 4. Also, in fig-
ure 4 is shown the spanwise vsriation of the local section angles of
attack when the body center line was at an angle of attack of OO. As
seen from the

such that the

plot, the wing

tip was washed

was twisted about

out approximately

-~~--._.

the quarter-chord line

&
. The twist of this

2
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wing is considered to be a t~ical variation, and does not represent
the twist of any particular type of wing structural system. In the
following figures, the twisted wing will be compared with the similar
untwisted wing shown in figure 2. In the subsequent discussion, this
untwisted wing will be referred to as the plane wing. Both the plane
and twisted wings were investigated on the body shown in figure 4
instead of the qurved body shown in figure 2. These wings sre to be
compared at the critical bending conditions of Mach nuuiberof 1.0 and
angle of attack of 8° determined for the plane wing. Also, in order to
provide an idea of the twist effects at subsonic speeds, a parallel com-
parison at a typical subsonic Mach number of 0.80 is presented.

Figure 5 presents the comparison of the spsnwise distributions of
the section normal-loading coefficient for the subsonic and critical
transonic-speed conditions. The section normal-loading coefficient is
defined as the section normal-force coefficient ~ multiplied by the
ratio of the local section chord c to the average wing chord ~. These
data we compared at wing normal-force coefficients ~W equivalent to

an angle of attack of @ for the plane wing; that is, 0.46 for the sub-
sonic case and 0.53 for the tran.sonic-speedcase. For the twisted wing
these normal-force coefficients corres~nd to angles of attack of approxi-

mately 10~0
4

and 10°, respectively. It maybe seen from the figure that,

although the general shapes of the distributions at the two Mach numbers
are dissimilar, the general effects of twist in both cases is, as would
be expected, a reduction in the load over the outbosrd regions of the
span and en increase in load over the inboud sections of the wing.

Figure 6 presents a comparison of the distributions of the pressure
coefficient P for the plane and twisted wings at the subsonic Mach
nuniberof 0.83, and wing normal-force coefficient of 0.46. One of the
first things to be noted in this figure is that the pressure-coefficient
distributions over the lower surfaces of the wings are essentially the
ssme. By referring to figure 5, the changes in loading maybe correlated
tith the variations of the upper-surface pressure-coefficient distributions.
The pressure-coefficient distributions shown in figure 6 indicate that
the increase in load for the twisted wing was located over the forward
portion of the chord for the most inboard station. At the center
sections of the span, the load over most of the chord was reduced, and
at the tip, the distributions were titually unchanged.

For the transonic-speed, critical-bending case, the pressure-
coefficient distributions shown in figure 7 indicate, as for the subsonic
speed case, that the major differences in loading between the plane and
twisted wings were concentrated on the upper surfaces of the wings.
Over the inboard regions, the difference in loading extended over much
of the chord length, but at the outboard sections, the distributions
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show that the main reductions in losding were
edges of the wing tip region. From practical
in loading would have considerable effects on
located in this region of the span.

Figures 8 and 9 present a summary of the

NACARM L53E08b

restricted–to the traili~” e.
considerations, this change
any control surfaces

.

center-of-pressure chsrac--”
teristics of the plane and twisted wings at Mach nunibersof O.~ and I.CO,
respectively. The plan-view sketch in figure 8 shows the convention used
to define the locations of the spanwise and chordwise centers of pres-
sure. The chordwise center of pressure +P defines the point of inter-
section with the average wing chord E of a line which is parallel to
the wing quarter-chord line and upon which the wing center of pressure
is located. The chordwise center of pressure is measured parsXlel to
the body center line aud is expressed in terms of the average wing chord.

In figure 8, it ~,be seen that the spanwise center of pressure
of the twisted wing was inboard of that for the plane wing throughout
the wing-normal-force-coefficientrange of this investigation. The
data presented correspond to angles of at-ck from 4° to_20°. At the
higher normal-force coefficients, the tips of.the twisted wing have not
stalled to as great a degree as the tips of the
fore, the curves tend to converge.

The chordwise center-of-pressurecurves in
at subsonic speeds twisting the wing had little
location of the chordwise center of pressure. _

plane wing, and, there-

figure 8 indicate that
or no effect on the

Figure 9 shows that at a Mach nuniberof 1.00 in the low and moderate
wing-normal-force-coefficientrange, the spanwise center of pressure of
the twisted wing, as at subsonic speeds, was relatively inboard of that
for the plane wing. Also, it may be seen that the tip stall trend at the
higher normal-force coefficients pointed out for the subsonic case has
progressed to a degree where the curves are the ssme.

At this point, it will be of interest to point out the relationship
of the chordwise center of pressure to the characteristicsof the spsm-
wise center of pressure. It has been shown that twisting the wing moved
the spanwise center of pressure inboard. “Eowever,for a conventional
wing which usually has the elastic sxis located in the 35- to kO-percent-
chord region, the forward location of the chordwise center of pressure
ahead of the elastic axis, such as is shown in figure 9, would tend to
increase the local section angles of attack, @ therefore move the
spsmtise center of pressure outboard. In general, however, these effects
sre small and, for any specific case, would depend upon the structural
rigidity of the particular wing in question. The chordwise center-of-
pressure curves in figure 9 show at a Mach number of 1.00 that geometric
twisting had little or no effect on the location of the chordwise center
of pressure. However, it may be seen for both wings that the twisting

““e”’ -----
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effect mentioned previously diminishi?das the chordwise center of pres-
sure approached the elastic axis wit:,increase in normal-force coeffi-
cient. his effect is also seen in figure 8 for a Mach number of 0.80.

Effects of Sideslip

AU of the preceding discussion bas been concerned with flight condi-
tions that produce symmetrical loading over the wings. However, in flight,
an ai,rplanefrequently experiences sideslip motions either through actions
of the pilot or owing to the dynsmic response of the airplane. An etien-
sive investigation at high subsonic speeds of this unsymmetrical loading
condition has recently been made in the Langley high-speed 7- by 10-foot
tunnel, and a few representative curves selected from these tests are pre-
sented in figures 10 and Il. These loads were measured on the 45° swept-
wing-curved-body configuration shown in figure 2.

The data in figure 10 show for Mach nunibersof 0.70 and 0.93 at
an ~le Of atta~ of 4° that ticrease in sideslip angle !3 from 0°
to @ caused the load over the forward wing to increase, while the load
over the rearward wing decreased by about the ssme amount. However, at
an angle of attack of 8°, the load on the forward wing increased con-
siderably over the reduction in lmd shown for the resxward Wing.

Figure U shows the variation of the spanwise center of pressure
with sideslip angle at Mach numbers of 0.70 and 0.93. These data show
that variation of sideslip angle from 0° to 12° had no effect on the
spanwise center of pressure for either the forward or the rearward wing.
At the top of the figure is plotted the variations of the root bendhg-
moment coefficient ~ with sideslip angle and from these curves it may

be seen that although the spanwise center of pressure of the wings
remained the ssme with increase in sideslip angle, the increase in load
over the forward wing shown in figure 10 produced the increase in bending-
moment coefficient shown in figure U for the forward wing.

CONCLUDING REMARKS

A study of the aeroi@smic loads on sweptback wings at transonic
speeds has indicated that for thick wings the spanwise center of pres-
sure moves h?’ard, whereas for thin wings, the spanwise center of pres-
sure moves outboard with increase in Mach nunhr. Also, increasing the
sweep angle of a thin wing causes the spanwise center of pressure to
move progressively outward. Then, washing out a thin swept wing shifted
the spanwise center of pressure inbosrd and at a &kch number of 1.00,
this inboard shift was primarily due to the loss in load over the trailing
edges of the outboard portions of the span. Finally, an investigation
of the effects of sideslip on t-OVt2~t3 swept-wing-curved.bcd.~
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combination has shown that increase in sideslip angle increased the rela- 4
tive load over the forward wing such that even though the spanwise center
of pressure of the wings remained constant, the root bending-moment coef-
ficients were increased. .

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

Langley Field, Vs., May 4, 1953.
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EFFECTS OF THICKNESS ON CENTER-OF-PRESSURE LOCATION
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SWEEP EFFECTS ON SPANWISE CENTER OF PRESSLF?E
A=3; k=O.14;t/c=o.os
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Figure 3.

DETAILS OF WING- BODY CONFIGURATION
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WING SPANWISE LOAD DISTRIBUTION
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COMPARISON OF PRESSURE- COEFFICIENT DISTRIBUTIONS
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CENTER-OF-PRESSURE COMI%RISON
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EFFECTS OF SIDESLIP
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